Aims/hypothesis The pancreatic beta cell ATP-sensitive potassium (K ATP ) channel, composed of the pore-forming α subunit Kir6.2, a member of the inward rectifier K+ channel family, and the regulatory β subunit sulfonylurea receptor 1 (SUR1), a member of the ATP-binding cassette superfamily, couples the metabolic state of the cell to electrical activity. Several endogenous compounds are known to modulate K ATP channel activity, including ATP, ADP, phosphatidylinositol diphosphates and long-chain acyl coenzyme A (LC-CoA) esters. LC-CoA esters have been shown to interact with Kir6.2, but the mechanism and binding site(s) have yet to be identified. Materials and methods Using multiple sequence alignment of known acyl-CoA ester interacting proteins, we were able to identify four conserved amino acid residues that could potentially serve as an acyl-CoA ester-binding motif. The motif was also recognised in the C-terminal region of Kir6.2 (R311-332) but not in SUR1.
Introduction
In the pancreatic beta cell, the K ATP channel couples the metabolic state to electrical activity and insulin secretion. Briefly, closure of K ATP channels results in membrane depolarisation and the opening of voltage-gated Ca 2+ channels, and thereby the triggering of insulin secretion. It is generally agreed that the regulation of the K ATP channel is mediated through the ATP/ADP ratio [1] , but other endogenous signalling molecules, e.g. phosphatidylinositol-4,5-diphosphate (PIP2) [2] and long-chain acyl coenzyme A (LC-CoA) esters [3] , have been identified as modifiers of K ATP channel activity.
Obesity is a major risk factor for the development of type 2 diabetes. Several studies have suggested that diets high in fat contribute to the development of the metabolic syndrome, obesity and type 2 diabetes. Parallel studies have shown a link between dietary fat composition and dysfunctional insulin secretion [4] . The mechanisms by which dietary fat may alter insulin secretion are not fully understood, partly because of the dual action of NEFA on insulin secretion. Short-term exposure to elevated NEFA levels stimulates insulin secretion, whereas long-term exposure to elevated NEFA levels decreases insulin secretion. One possible explanation could be intracellular accumulation of LC-CoA esters and thereby altered K ATP channel activity, maintaining the beta cell in a hyperpolarised, inactive state [3] .
Despite the large number of estimated membrane-located K ATP channels of the beta cell, only a small fraction (1-2%) is thought to be active/open during resting periods [5] . Hence, only a small number of channels must be closed to trigger insulin secretion. Likewise, a small increase in channel activity hyperpolarises the beta cell plasma membrane and prevents exocytosis. Overactive K ATP channels result in severe neonatal hyperglycaemia [6] , which emphasises the central role of the channel. Endogenous K ATP channel activators, such as LC-CoA esters and PIP2, are therefore likely to be of considerable importance since the cellular content of ATP (low mmol/l) [7] causes nearly complete closure of the channel [1] .
LC-CoA esters activate the pancreatic beta cell K ATP channels in all reported species and cell lines, including humans [8] . The esters do not require the presence of Mg 2+ or ATP, and the site of action is separate from ADP [9] . Using the Kir6.2ΔC26 variant, it has been shown that LC-CoA esters activate K + currents under conditions where sulfonylurea receptor 1 (SUR1) is not expressed [10, 11] . However, since SUR1 does not function as a channel by itself, it remains to be investigated whether or not LC-CoA esters also bind to SUR1. Kir6.2 is inhibited by ATP and opened by PIP2 and LC-CoA esters. Mutation of lysine-185 has been shown to abolish the inhibitory effect of ATP. The interaction of PIP2 is thought to be linked mainly to arginine 54 [12] , whereas the involvement of specific amino acid residues of Kir6.2 in the modulation by LC-CoA esters has not been demonstrated.
Pancreatic beta cell K ATP channels consist of four poreforming α subunits (Kir6.2) and four regulatory β subunits (SUR1), and both types of subunit are required for a fully functional K ATP channel [13, 14] . Regulatory compounds act through both α and β subunits, whereas the inhibitory effect of sulfonylurea and the activating effect of ADP are confined to the β subunit [15] . Conversely, the inhibitory effect of ATP and the activating effect of PIP2 and LC-CoA esters are localised to the Kir6.2 [10, 11, 16] . In this study we used site-directed mutations of the truncated version of Kir6.2 (Kir6.2ΔC26) to investigate the modulation of Kir6.2 by LC-CoA esters.
Materials and methods
Animals and preparation of cells Electrophysiological recordings from native K ATP channels were performed using excised membrane patches from adult ob/ob (Lep/ Lep) mouse pancreatic beta cells. In brief, the ob/ob mice were obtained from a local colony [17] and fasted for 24 h before decapitation. Islets were isolated by a collagenase (Roche, Basel, Switzerland) technique described by Lacy and Kostianovsky [18] .
Xenopus oocytes were collected from extra-large Xenopus laevis females. The animals were anaesthetised with 3-aminobenzoic acid methyl ester (Sigma, St Louis, MO, USA; 1.5 g/l of water). Oocytes were removed via a small bowel incision and oocytes were defolliculated using a collagenase A method described elsewhere [11] . Oocytes, stage V-VI, were injected with 0.5-5 ng of mRNA/50 nl sterile RNase-free water encoding Kir6.2ΔC26, Kir6.2ΔC26 W311A, Kir6.2ΔC26 D329A, Kir6.2ΔC26 K332A, Kir6.2ΔC26 W311A K332A and Kir6.2ΔC26 W311A D329A K332A. SUR1 was only coexpressed with functional Kir6.2ΔC26 mutant clones. Oocytes were maintained at 19°C for 2-5 days before use. All animal studies were approved by the local ethics committee of the Karolinska University Hospital.
Vector construction The generation of plasmids pB. mKir6.2ΔC26 and pB.SUR1 has been described previously [11] . Plasmids for the pB.mKir6.2ΔC26 mutants K332A, W311A and D329A were generated by site-directed mutagenesis using the QuikChange Mutagenesis Kit (Stratagene, La Jolla, CA, USA) and oligonucleotides were purchased from Proligo (Paris, France), bearing the following nucleot i d e c h a n g e s : W 3 11 A ( T G G → G C A ) ; D 3 2 9 A (GAC→GCC); K332A (AAA →GCA). In all plasmids the orientation of the expression cassette was chosen to allow transcripts to be obtained with T7 RNA polymerase. All vector constructs were verified by DNA sequence analysis.
In vitro transcription Plasmid DNA was prepared using a QIAprep Spin Miniprep Kit (Qiagen, Hilden, Germany) and purified using a GenePrep Kit (Ambion, Austin, TX, USA). The respective plasmid DNA was linearised by digestion with XbaI, purified by phenol-chloroform treatment, and ethanolprecipitated. The DNA pellet was redissolved in water and an aliquot containing 0.5-1 μg DNA was used for in vitro transcription. Capped mRNA was synthesised by employing the mMessenger mMachine T7 Kit (Ambion). The purified mRNA was dissolved in 10 mmol/l Tris-HCl (pH 7.4) and stored in aliquots at −80°C.
Electrophysiology Potassium channel activity was recorded using the patch-clamp technique [19] with an Axopatch 200B patch-clamp amplifier (Axon Instruments, Foster City, CA, USA). The recorded signal was low-passfiltered at 2 kHz and stored on magnetic tape (JVC, Tokyo, Japan). Single-channel current traces were displayed according to the prevailing convention, upward deflection denoting outward currents. All experiments were performed at room temperature (approximately 22°C) and channel activity was measured at a membrane potential of 0 mV. The standard extracellular solution contained (in mmol/l) 138 NaCl, 5.6 KCl, 1.2 MgCl 2 , 2.6 CaCl 2 and 5 HEPESNaOH at pH 7.4. For inside-out recordings, the intracellular-like solution (i.e. bath solution) consisted of (in mmol/l) 125 KCl, 1 MgCl 2 , 10 EGTA, 25 KOH and 5 HEPES-KOH at pH 7.15. ATP and palmitoyl-CoA ester (C16:0) were added to the intracellular solution at the final concentration indicated in the text and figures. Palmitoyl-CoA (C16:0) was prepared as a stock solution in deionised water (Millipore, Billerica, MA, USA), and ATP was added as Mg salt. All chemicals were of analytical grade and were obtained from Sigma.
Data analysis For the mean current analysis, channel recordings were filtered at 0.2 kHz (−3 dB value, eightpole Bessel filter; Frequency Devices, Haverhill, MA, USA), digitised at 0.8 kHz and stored in a computer, using an analogue-digital converter (TL-1; Axon Instruments). The mean current was calculated as previously described [20] . Data are presented as mean±SD. For the analysis of single-channel kinetics, 30-s segments of channel recordings were filtered at 1 kHz and digitised at 5 kHz. Calculations were performed using TAC software (Bruxton, Seattle, WA, USA). The analysis of kinetic parameters was restricted to segments of the experimental recordings containing a maximum of three active channels. Channel activity was compared using Student's t test or ANOVA for multiple groups; p values less than 0.05 were considered significant. All experiments were repeated at least three times with similar results unless stated otherwise.
Results
Multiple sequence alignment LC-CoA esters bind and potently affect many different intracellular enzymes and proteins (see review by Shrago [21] ), though the binding motif(s) for LC-CoA ester in these proteins is unknown. To identify potential amino acid residues involved in acyl-CoA ester binding, we used multiple amino acid sequence alignments of proteins that bind or are affected by LCCoA esters. Figure 1a shows several LC-CoA ester binding proteins that were used in a multiple sequence alignment procedure employing the protein-protein BLAST software (NCBI, NLM, NIH, Bethesda, MD, USA). Multiple amino acid sequence alignments of these proteins revealed an amino acid stretch containing four conserved amino acid residues. Initially, we identified a conserved valine (V), aspartic acid (D) and lysine (K). We then extended the binding motif to include a conserved aromatic amino acid group of 10-15 proximal amino acids, i.e. in the N-terminal direction (W, F or Y). Since LC-CoA ester has been shown to interact with the α subunit of the K ATP channel, namely Kir6.2 [10, 11] , we performed a sequence alignment between our proposed LC-CoA ester binding motif and Kir6.2 (Fig. 1b) . A proposed LC-CoA ester binding motif could be identified in the C-terminal region of Kir6.2, between residues 311 and 332. The same region was highly conserved in the mouse, rat and human (data not shown). PIP2 has been shown to activate all Kir channels, whereas activation by LC-CoA esters seems to be restricted to Kir6.2. However, sequence alignment of the Kir superfamily shows that Kir2.1, Kir3.4 and Kir6.1 do indeed have a potential LC-CoA ester binding motif (Fig. 1c) , though, interestingly, Kir2.1 and Kir3.4 were shown not to be activated but rather inhibited by LC-CoA esters [10, 22] . Thus, it is possible that LC-CoA ester binding is linked to a blocking mechanism within the channel protein as well. No significant sequence match was identified in Kir7.1 or SUR1.
Mutation of amino acids As stated above, we identified four conserved amino acid residues, as indicated in Fig. 1 . To test the involvement of these amino acids in Kir6.2 modulation by a LC-CoA ester motif, we introduced pointdirected mutations in Kir6.2ΔC26, i.e. single or multiple amino acid exchanges (Table 1 ). In Xenopus oocytes expressing Kir6.2ΔC26 W311A and Kir6.2ΔC26 D329A, no current could be detected in single-channel recordings from membrane patches using the inside-out configuration, in agreement with a previous report [23] . Replacing the lysine (K) with an alanine (A) at position 332 (K332A) resulted in a basal K + current at the same intensity as Kir6.2ΔC26 (Table 1) . Although channel currents were obtained using Kir6.2ΔC26 mutants, wild-type K ATP channels are composed of both Kir6.2 and SUR1 subunits. Coexpression of Kir6.2ΔC26 with SUR1 results in increased basal current and increased sensitivity to ATP [24] . Additionally, several regulatory compounds, e.g. sulfonylurea, diazoxide and ADP, are known to interact with the SUR1 subunit. Therefore, we coexpressed the functional Kir6.2 clones generated herein (Kir6.2ΔC26 and Kir6.2ΔC26 K332A) with SUR1. The resulting basal currents were increased by a factor of approximately 3 compared with KirΔC26 clones alone ( Table 1) . Channel currents in excised membrane patches Figure 2 illustrates the effect of palmitoyl-CoA ester (1 μmol/l) on freshly isolated membrane patches from oocytes expressing Kir6.2ΔC26, Kir6.2ΔC26 K332A, Kir6.2ΔC26+SUR1 and Kir6.2ΔC26 K332A+SUR1. Kir6.2ΔC26 was activated by palmitoyl-CoA ester, and the mean current increased from 2.3±0.7 to 6.0±1.3 pA (Fig. 2a, 290±40%, n=6 ; p< 0.01), an increase of similar magnitude to that reported in native pancreatic beta cell K ATP channels [3] . Conversely, single-residue mutation of 332, from lysine (K) to alanine (A), did not increase channel current upon exposure to palmitoyl-CoA ester (Fig. 2b) . In 11 excised inside-out membrane patches, mean current was estimated to be 2.6± [11] . In the presence of palmitoyl-CoA ester, the mean open time of Kir6.2ΔC26 K332A was 7.7±3.8 ms (NS), which should be compared with the almost threefold increase seen for Kir6.2ΔC26 [11] . To verify channel function, ATP was applied to each membrane patch before exposure to the ester. In the Kir6.2ΔC26 K332A channels, addition of 1 mmol/l ATP resulted in a decrease in channel current from 1.5±0.4 to 0.2±0.1 pA (p<0.01). Single-residue mutation of W311 and D329 did not result in any K + current in isolated membrane patches, nor did any combination of (Table 1) , even after application of 1 μmol/l palmitoyl-CoA ester (data not shown).
Coexpression of Kir6.2ΔC26 and SUR1 resulted in a channel current with properties close to those of the wildtype K ATP channel (Kir6.2/SUR1) [24] . Exposing patches excised from oocytes expressing Kir6.2ΔC26 and SUR1 to ATP (100 μmol/l) decreased channel current from 16±4 to 0.1±0.2 pA (Fig. 2c, n=3, p<0.001) . Addition of 1 μmol/ l palmitoyl-CoA ester activated the channel and the mean current increased to 91±7.6 pA, compared with 19±2.2 pA in the control situation (p<0.001). Functional mutated Kir6.2ΔC26 clones (i.e. K332A) were also coexpressed with SUR1. Membrane recordings from Kir6.2ΔC26 K332A+SUR1 displayed normal ATP sensitivity, with channel current decreasing from 40.1 ± 13.5 to 0.2 ± 0.12 pA (Fig. 2d, n=5, p<0.001) . Inclusion of 1 μmol/ l palmitoyl-CoA ester increased channel current from 22.1± 7 to 38±12 pA (p<0.05). Activation by palmitoyl-CoA ester was significantly decreased in Kir6.2ΔC26 K332A +SUR1 compared with Kir6.2ΔC26+SUR1 (p<0.001) (Fig. 4) . Other known agonists and antagonists acting through SUR1, such as ADP, diazoxide and tolbutamide, displayed potencies similar to those of the K ATP wild-type channel (Fig. 3) . Compiled data on the effect of ATP and palmitoyl-CoA ester on Kir variants, with and without the presence of SUR1 and the native pancreatic beta cell K ATP channel are shown in Fig. 4 . No difference was observed between Kir6.2ΔC26 and Kir6.2ΔC26 K332A with regard to ATP sensitivity. When SUR1 was coexpressed with Kir variants, ATP sensitivity increased dramatically, but remained unaltered compared with native K ATP channels. When Kir variants were exposed to palmitoyl-CoA (1 μmol/l), Kir6.2ΔC26 K332A channels were not significantly activated compared with Kir6.2ΔC26 channels. Coexpression of SUR1 with Kir6.2ΔC26 K332A did not restore the sensitivity to palmitoyl-CoA.
Discussion
The K ATP channel plays a critical role in stimulus-secretion coupling in the pancreatic beta cell, where it couples the metabolic state to electrical activity and insulin secretion. Even though the ATP/ADP ratio has been proposed as the major regulator of K ATP channel activity in the intact beta cell under normal conditions [25] , other activators, such as LC-CoA esters, may well have importance under pathophysiological conditions. In situations associated with increased levels of circulating NEFA, LC-CoA esters have been shown to accumulate within cells and to decrease insulin secretion [3] . Fig. 4 Compiled data on the effect of ATP and palmitoyl-CoA esters on Kir6.2ΔC26 and Kir6.2ΔC26 K332A, with and without SUR1, and the native pancreatic K ATP channel. a When Kir clones were expressed without SUR1 (light grey bars) the ATP concentration was 1 mmol/l, whereas in patches isolated from oocytes co-injected with SUR1 (dark grey bars), 0.1 mmol/l ATP was used. b K + current is expressed as a percentage of K + current recorded before the addition of 1 μmol/l palmitoyl-CoA (C16:0). Number of experiments is given in parentheses. *p<0.05, **p<0.01, ***p<0.001 vs channel activity before the addition of palmitoyl-CoA ester Oocytes expressing the truncated version of Kir6.2, i.e. ΔC26, have been shown to be activated by LC-CoA esters [10, 11] . In this study we identified conserved residues in known LC-CoA ester binding proteins using multiple sequence alignments, suggesting a potential LC-CoA binding motif. We found a conserved region containing a fouramino-acid signature (W/F/Y...VD..K) among proteins known to bind LC-CoA esters. At present the crystal structure of four different acyl CoA ester binding proteins are known. Even though the crystal structure of these proteins does not give an exact location or signature of an acyl-CoA ester binding site/motif, it has been proposed that positive residues, such as lysine (K), and tryptophan (W) are involved in the binding of LC-CoA ester [26] . The proposed motif was also identified in the C-terminal stretch of Kir6.2. We modified these amino acids within Kir6.2ΔC26 by sitedirected mutations to obtain the Kir6.2ΔC26 variants W311A, D329A and K332A. Mutation of K332 resulted in a Kir6.2ΔC26 current that was not activated by LC-CoA esters, but displayed a normal regulatory pattern with regard to ATP, ADP, diazoxide and sulfonylurea when coexpressed with SUR1. To get information on the location of the identified residues in the three-dimensional structure of the Kir6.2 channel, we used computational modelling. We introduced a lysine at location 302 of the crystal structure of the inward rectifier potassium channel KirBac1.1 (closed) from the eubacterium Burkholderia pseudomallei, the only Kir channel so far crystallised and structurally determined [27] . Kir1.1 has approximately 45% sequence identity with Kir6.2. Location R302 in KirBac1.1 was identified as corresponding to location K332 in Kir6.2 by aligning the two channel sequences (see legend of Fig. 5 ). Figure 5 shows that 281-302 is located in the cytoplasmic domain of the channel protein facing the cytosol, suggesting that the residue is accessible to intracellular modulators such as LCCoA esters.
It has been proposed that PIP2 and LC-CoA esters share the same regulatory mechanism, and possibly also interact at a common binding site [28] . However, the proposed LCCoA ester binding motif, which we have now identified as 311-332, is not close to the residues that have been proposed for ATP and PIP2 interaction [12, 17, 24, 29, 30] , except for 314 [31] and 308-311 [23] . All members of the Kir channel family tested so far are activated by PIPs, especially PIP2. In contrast, LC-CoA esters appear to be specific modulators of K ATP channels since none of the other Kir channels (Kir1.1, Kir2.1, Kir3.4, Kir4.1 and Kir7.1) are activated [22] . Scanning through the Kir family for a proposed LC-CoA ester binding motif reveals a region close to the C-terminal in Kir2.1 and Kir3.4 with high homology to our proposed acyl-CoA ester binding motif. Interestingly, mutated Kir2.1 channels that are made insensitive to PIPs are activated by LC-CoA esters [32] . It is attractive to speculate that both Kir2.1 and Kir3.4 do indeed possess an LC-CoA ester binding motif (Fig. 1d) , but that the stimulatory effect is masked by a mechanism that remains to be defined. However, it is noteworthy that in Fig. 5 Three-dimensional structure of two KirBac1.1 subunits (accession code 1P7B; RCSB Protein Data Bank) with mark residues W281 (blue), I298V (green), D299 (yellow) and R302K (red) to show the tentative location of the proposed LC-CoA ester binding motif in Kir6.2. a Top view. b Side view. Identification of residues W281, I298, D299 and R302 as corresponding to residues W311, V328, D329 and K332 in Kir6.2 was based on the alignment of KirBac1.1 and human Kir6.2 (Q14564), using SDSC Biology WorkBench version 3.2. The three-dimensional structure was obtained by the use of Swiss-Pdb viewer, version 3.7 (fixed selected side change) Kir7.1 no consensus sequence was found, yet this channel is inhibited by LC-CoA esters [21] .
We conclude that LC-CoA esters interact with Kir6.2, and not with SUR1. This notion is based on the finding that a single amino acid mutation in Kir6.2ΔC26 abolishes the stimulatory effect of LC-CoA esters, which is not restored by coexpression with SUR1. We also propose an LC-CoA ester binding motif in Kir6.2, and conclude that this may be a useful tool for exploring the role of LC-CoA esters in pancreatic beta cell physiology and pathophysiology.
